New experimental results at the onset of turbulence in a gravity-driven pipe flow are presented, and a simple phenomenological model is introduced to describe the intermittent behavior observed. In this model slugs are stochastically produced at the pipe inlet, and the decrease in velocity due to turbulent friction is taken into account. The present approach shows that stochastic arguments account well for several experimental observations at low intermittency factors. In particular, it is shown that special intermittency routes to chaos are not needed to explain the exponentially decaying inverse cumulative distribution of laminar times.
INTRODUCTION
The intermittency transition to turbulence in pipe flows is one of the oldest known transitions from laminar flow to turbulence. ' The most striking feature of the phenomenon is the sudden and seemingly random appearance of turbulent slugs,53 as the flow becomes unstable to occurring disturbances. A slug is being convected by the flow downstream, while at the same time it spreads-laminar fluid at both ends of the slug becomes turbulent. In pipe flows driven by gravity (constant pressure difference), an additional complication arises because the velocity constantly alternates. The reason for this is that the friction is larger for a turbulent flow than for a laminar flow, therefore the velocity decreases as a slug spreads. Near the onset of turbulence the formation of one slug thus prevents the formation of new slugs until the slug has left the pipe and the flow again is laminar.
In this paper we present new experimental results for a gravity-driven pipe flow. Furthermore, we introduce a model with stochastic rules for the generation and growth of slugs, which takes into account the change in bulk velocity due to the turbulent friction. The purpose is to identify the aspects of intermittency that are nonspecific to the details of the generation and growth of slugs, and to show how average flow properties can be understood by simple stochastic arguments. Our approach is different from that of Sreenivasan and Ramshankar, 4 where a description of experimental observations was based on a connection between transition intermittency and the intermittency route to chaos.5
The layout of the paper is as follows. In Sec. II we describe the experimental setup, and in Sec. III we present our experimental results. In Sec. IV we define our model and the stochastic rules employed. In Sec. V we relate the model parameters with the average flow properties at low intermittency factors. These parameters are then used in simulations of the model, which are compared with the experimental observations. The paper is concluded in Sec. VI.
II. EXPERIMENTAL SETUP
A cylindrical glass pipe, d= 1 cm in inner diameter and L = 150 cm in length, was used. The pipe was positioned horizontally and connected via plastic tubes, 4 cm in diameter, to reservoirs containing deionized water. The pipe and the plastic tubes were connected by sections, welded to the pipe by a smooth contraction (Fig. 1) . Throughout the contraction regions the angle between the glass wall and the axial direction is less than 9". The inlet section was fitted with tightly packed straws, 9 cm long and 0.5 cm in diameter. A fly-screen (aperture size = 2.0 mm) was placed 5 cm downstream from the straws and 30.5 cm upstream from the pipe entrance. A difference in height level, and consequently in pressure, between the two reservoirs was maintained by means of a pump. The value of the pressure drop was controlled by adjusting the pumping rate.
The water was seeded with few drops of homogenized milk (resulting concentration ratio -10m6), and laser Doppler velocimetry was used to measure the axial velocity in the center of the pipe, 7 cm from the outlet. Two parallel linearly polarized laser beams from a 15 mW He-Ne laser were focused into a measuring volume of diameter -0.1 mm; to avoid undesirable refraction from the pipe wall a rectangular cell filled with water was placed around the pipe where the velocity was measured. One beam was shifted by about 40 MHz with respect to the other by use of a Bragg cell. The scattered light was detected by a photomultiplier, and the output was passed to a DANTEC 58N20 flow velocity analyzer. This was operated so that Doppler signals with less than 60 cycles were rejected. The typical sampling rate was about 100 Hz. The exact frequency shift between the laser beams was set to optimize the resolution.
III. EXPERiMENTAL RESULTS
Increasing the pressure drop, the Reynolds number increases. Here, the Reynolds number is defined as Re= Ud/ Y, where U is the bulk velocity and v is the viscosity of water. The onset of turbulence is found at relatively high Reynolds numbers, 000. At this Reynolds number the velocity profile has a flat part6 Above Re,,, a typical intermittent flow is observed with a measured axial velocity V that alternates between a laminar ( V,) and a turbulent (ye) value time the flow spends in each of the two states is given by the intermittency factor y, which is defined as the fraction of time the flow is turbulent (at the measuring point). Figure 3 shows the intermittency factor as a function of the normalized pressure gradient G. At sufficiently high values of Ah, above the range considered here, the flow becomes fully turbulent with y= 1. We have already mentioned that the two essential mechanisms for interpreting the above observations are the generation of slugs and the growth process that takes place as the slugs are convected by the flow. Consider the frequency f of slugs observed at the outlet. For low Re, the frequency f is low due to sparse generation of slugs. As Re increases, f also increases. However, this increase is not indefinite: When two slugs are formed sufficiently close to each other and grow enough they will merge, forming a single slug. For large y the merging eventually causes f to decrease. This trend is seen in Fig. 4 , where the frequency f is shown as a function of y.' The frequency is resealed by fo= UdL, where U. is the bulk velocity at the onset of intermittency.6 We find that for low y values the frequency of slugs is a linear function of y.
Further quantitative characterization of the transition intermittency can be obtained through a statistical analysis of the turbulent and laminar times. The turbulent time tr is the time it takes for a slug to pass the measuring point, and the laminar time ty is the time elapsing between the end of a slug (the trailing edge) and the beginning of the next (the leading edge). Here we consider the mean turbulent time g, the mean laminar time g, and the inverse cumulative distribution of laminar times P( ty ), defined as the fraction of laminar times that are larger than ty . rate cr that is proportional to y (cf. the inset in Fig. 6 ). At larger values of 7, deviations from an exponential decay are observed.
IV. MODEL
In order to describe the experimental observations, we introduce a model, where the state of the fluid is described by an array, q(t) (i=l,...,N).
This defines a length unit A.= L/N as the distance between neighboring sites. In our simulations, N= 150. The state of the fluid, si(t>, at site i can take only two values, I 0, "laminar"; si(t>= 1 3 "turbulent."
(1)
The evolution of the state of the fluid is described by the following transformations: (i) Downstream shift. The fluid moves down the pipe with bulk velocity U(t),
where At denotes the time step, determined from the instantaneous value of U, At=il/U(t). Here U is (without loss of generality) normalized to unity at the onset of intermittency, Uo= 1, i.e., Re=Re,, U. The relation between pressure gradient and Reynolds number is assumed to be G=(Nya~Reb~+N~a~Reb~)/N, N=Ny+Ny,
where NY(t) is the number of laminar sites and N-y(t) is the number of turbulent sites at time t. The parameters ay and bZ for the fully laminar flow (NY = N) are estimated from the experiment [ Fig. 2(b) ] to be aY=0.006 and by -2, assuming that Re/Reosr V/V, ,6*g For the fully turbulent flow ( N.T==N), we use the parameters ay=0.32 and by=; found from Ref. 3.
(ii) Generation of slugs. It is generally accepted that the flow in an infinite cylindrical pipe remains stable to infinitesimal perturbations. Experiments in pipe flows show, however, that for high enough Reynolds numbers the flow eventually becomes turbulent. Both the departure from the parabolic profile and instabilities due to finite-size disturbances play a role in the interpretation of this fact. We introduce a scheme in which the generation of slugs is a stochastic event occurring only at the pipe entrance (site 1). In the update time interval, At, a slug is generated with a probability p( U), which close to the onset of intermittency is assumed to be linear, 10, if U<l;
Hence, the state of the first site at time t undergoes a transformation s1 -+ s; , where I 1; with probability p(U);
and U is the velocity at time t, determined from Eq. (3 ). The N dependence in Eq. (4) reflects that p ( U) a/z (from coarse-graining arguments).
(iii) Growth of slugs. Once slugs are generated in the pipe, they grow. This growth is characterized by the velocity of the leading edge, U, , and the velocity of the trailing edge, U_, both depending on the Reynolds number. A simplification is achieved by assuming that U-Uand U, -U are equal in the intermittency range, i.e., U,/U= 1 =t'i~( U). In terms of our discrete model, rr( U) is the probability for a neighbor site to a slug to become turbulent. Close to U= U,=l, n(U) is to first order a linear function,
The transformation sf -, s; that governs the downstream growth (at time t) is s;= 1, with probability rr( U)si-i; 
Again, U is given by Eq. (3). Notice that Eqs. (7a) and (7b) imply that growth can only take place at laminar sites that are adjacent to turbulent ones.
V. MODEL PARAMETERS AND RESULTS
In Sec. III, our experimental data for the frequency of slugs f and for the mean laminar and turbulent times, G and GY were presented independently. They are, however, related, JG=Y7 (84
Thus, knowing one, e.g., f(r), the other two are known as a function of y as well. In this section we derive approximate functional forms near the onset of intermittency of the measured quantities from our model. This enables us to relate the measured physical quantities with the model parameters, and eventually to test to what extent the model is consistent with experiment.
For the theoretical part, we neglect the fluctuations in velocity. Then, the frequency of slugs at the inlet f I can be written in terms of p( U), and the mean turbulent time c can be written in terms of a( U), fl=pC W/At,
2aL F=mu*
Equation (10) follows from the fact that F is the time difference between the time L/( 1 -rr) U, at which the trailing edge of a slug reaches the measuring point (site N), and the time L/( 1 +r> U, at which the leading edge of the slug reaches the same point.
In the U range, where no merging of slugs are taking place, fI can be replaced by J: To first order in U-1, Eq.
(9) and Eq. (10) yield
where p=2nb/( 1 -d) is identified with the value of the (resealed) mean turbulent time at U= Uo. This value is experimentally found to be fl,O.9 [ Fig. 5 (a) ]," corresponding to the value ~~~-0.38. By Eq. (8a), the intermittency factor y is from Eq. ( 11) and Eq. (12) found, to first order, y&2()( u-1).
(13) For U right above U,, U/U, is close to the laminar branch of V/V,, [ Fig. 2(b) ]. From the experimental data in Fig.  2(b) and Fig. 3 , y is for U=: U. found to follow the linear form ( 13) with &,a 1. This fixes the parameter co to cocr. 1.1.
According to Eq. (8a), the leading contribution to the frequency of slugs f(y) (Fig. 4) is determined by the value /3 of the (resealed) mean turbulent time foG at u= u,, f/fo-Y@.
In agreement with theory, the experimental slope in Fig. 4 is found to be l@=l.l at U-,U,. Also, the expression (12) for the mean turbulent time can be recast in terms of the intermittency factor y [cf. Eq. The first-order term [the slope in Fig. 5(a) near the onset order of magnitude in Reynolds number. We understand of intermittency] depends on all three parameters co, ro, this as coming from an increase in p and a corresponding and ct. From a best fit to our experimental data, we find decrease in co at increasing Re. The value of /3 increases cl -0.6. because the spreading velocity of a slug increases at higher -For the mean laminar time ty (y), we note that G Re; the value of co is a measure of the noise in the system s G near the onset of intermittency. From Eq. (8b) we that is larger at lower values of Re for the onset of turbuthen have t, = l/f, and by ( 14)) lence.
j-&am (16) VI. CONCLUSIONS which is also verified experimentally [ Fig. 5(b) ].
Finally, consider the set of laminar times obtained from a particular time series. The inverse cumulative distribution P(ty) is the fraction of laminar times that are larger than t2. For foty,p, we can neglect the downstream reduction in ty due to slug spreading, and P(ty) equals the probability not to have a slug generated at the pipe entrance in ty/At subsequent steps (still neglecting fluctuations in U),
In the "continuous" limit N, 1, i.e., p(U) & 1, we have, according to Eq. (9 ), log WY) = -fItye (18) In the range where f = fI (no merging), the inverse cumulative distribution in terms of y thus has the form Based on new experimental studies of pipe flows, we have shown that a simple phenomenological model, where slugs are generated stochastically at the pipe entrance, and where the decrease in velocity due to turbulent friction is taken into account, is sufficient to describe the intermittent behavior at the onset of turbulence, given that the intermittency factor is not too high. More specifically, we have measured the frequency of slugs, the mean laminar and turbulent times, and the distribution of laminar times. In all cases the behavior at the onset of intermittency is consistent with our stochastic model. Clearly, our model is too simple to reproduce all the experimental results. It provides, however, a new picture for understanding the aspects of intermittency that stem from the stochastic dynamics and not from the specific details of the slug generation or the slug growth.
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